An autotrophic continuous denitrification process, using hydrogen generated by electrolysis with activated carbon anodes, was experimentally demonstrated to be an effective nitrate removal process. Several fixed bed columns with polypropylene packing and honeycomb shaped activated carbon anodes and stainless rod cathodes were set in a thermostat chamber at 30°C, and potassium nitrate enriched tap water as influent was supplied at various flow rates and electric currents. Although the anode is in the same column where microbial biomass grows, sufficient nitrate removal was observed. For example, almost complete removal of nitrate and nitrite was observed at a hydraulic retention time (HRT) as short as 1.8 h. A model assuming successive denitrification reactions and plug-flow process, nitrate reduction rate = k 1 [NO 3 -] [H 2 ], and nitrite reduction rate = k 2 [NO 2 -]H 2 ] 1.5 was proposed. Calculated results with k 1 = 1.3 mmol -1 h -1 and k 2 = 3.3 mmol -1.5 •h -1 agreed well with all the experimental results.
Introduction
During the last decade, the presence of nitrate in ground and surface waters has become of increasing concern in many parts of the world. Large amounts of nitrate and nitrite in drinking water are a cause of a disease called methemoglobinemia, a blood disorder primarily affecting infants under six months of age. Therefore the World Health Organization (WHO) has set the maximum contaminant level at 10 mg.l -1 for nitrate-nitrogen (NO 3 -N).
Takakibara and Kuroda have proposed a method for removing nitrate using a denitrifying biofilm-electrode reactor (BER) which utilizes immobilization of autotrophic denitrifying microorganisms on the surface of the carbon electrode. Hydrogen gas produced by electrolysis of water in the cathode is used as an electron donor. It has been experimentally demonstrated that simultaneous denitrification by hydrogen gas produced in the cathode and neutralization by CO 2 produced in the anode occurred when an electric current was applied (Sakakibara et al., , 1997 . In this study, the mechanism of reaction in autotrophic biological treatment for removal of nitrate using hydrogen gas produced by electrolysis of water as an electron donor, was examined. A fixed bed reactor with polypropylene sponges as carrier material for microbial biomass was used. Honeycomb carbon and stainless wire were used as anode and cathode respectively, and placed at the bottom of the reactor. To express the relationship between denitrification reaction rate, nitrate and nitrite concentration and electric current, a kinetic model was also developed.
Materials and methods
A schematic diagram of the experimental apparatus used in this study is shown in Figure 1 . The system consists of a cylindrical reactor with a height of 120 mm and an internal diameter of 52 mm, DC power supply, electrodes and peristaltic pump. The 50 mm height of the reactor was filled with polypropylene sponge which allows accumulation of the microbial biomass. The effective liquid volume and surface area of the packing were 25 ml and 10.5 cm 2 /cm 3 , respectively. A honeycomb carbon anode and three stainless cathodes were used for the electrodes and placed at the bottom of the reactor. The surface area of the anode and cathode were 1440 mm 2 and 108 mm 2 , respectively. Amorphous carbon such as Sakakibara et al. used , was used as anode (d = 10 cm). However, amorphous carbon is easy to crumble when the electric current is applied and the color of feed solution and polypropylene sponge became black. Thus, we stopped using the amorphous carbon. The feed solution was prepared by dissolving 30 mg-N.l -1 potassium nitrate in tap water. Other inorganic substances or growth nutrients were not added to the solution.
Before starting the experiment, the feed solution mentioned above was fed continuously into the reactor to allow accumulation of the microbial biomass in the carrier material, and a constant electric current was applied for a period of about two months. The experiments were started when a constant nitrate removal rate was obtained. In the experiments, various levels of electric currents were passed, where in each applied current, flow rate was changed in stepwise manner. The details of the experimental conditions are shown in Table  1 . Ion chromatography (column: TOSOH, TSK-GEL IC-ANION-PW, eluate: acetonitrile 7.9 wt.%, glycerin 0.6 wt.%, potassium gluconate 0.1 wt.%, sodium tetraborate 0.5 wt.%, boric acid 0.2 wt.%) was used to determine nitrate and nitrite concentrations, pH was measured by TOA pH meter (IM-40S).
Results and discussion Figure 2 shows a denitrification performance of column 1. In the figure, hydraulic retention time (HRT) is shown by a solid line. When HRT is high, the effluent nitrate and nitrite 1 . 5 1 6.0 0~2 3 6 . 0 concentrations were significantly low, and increased with increase of HRT. The same results were obtained in each column and different electric current applied. To get the plot of concentration against HRT, the average of effluent nitrate and nitrite concentration in every step of HRT was calculated and is shown in Figure 3 . The stoichiometric reaction of the hydrogen-based autotrophic denitrification is as follows (Kurt et al., 1987) :
From Eq. (1), to remove 1 g of nitrate, 0.715 mole of hydrogen is required. Based on Faraday's law and the stoichiometry in Eq. (1), the minimum HRT was calculated and shown by broken line in Figure 3 . Both the nitrate and nitrite concentrations remained in the effluent when the HRT is smaller than the minimum HRT. Therefore, to reduce nitrate and nitrite completely, the value of HRT must be higher than the minimum HRT. These results suggest that denitrification occurring in the reactor is controlled by hydrogen gas. In the batch processes, a peak of nitrite accumulation occurred when nitrate concentrations approach zero (Myoga et al., 1994) . It seems that the steps of reduction from nitrate to nitrite and from nitrite to nitrogen are done by different enzymes or microorganisms and the secretion of nitrate reductase is thought to take priority. From the results of a mathematical model and from analytical results studied by Betlach and Tiedje (1981) , it was concluded that accumulation of nitrite was caused by unbalanced concentrations of nitrate and nitrite reductases. In this study, as the microorganisms spread over the space of the carrier material of the reactor, the results did not agree with the results studied in the batch processes mentioned above.
In Figure 2 , the influent and effluent pH is also shown. Because of the denitrification process (Eq. (1)), the effluent pH is higher than the influent pH, around 8.0<pH<9.0. On the other hand, the pH calculated from Eq. (1) is around 9.6. This value is lower than the effluent pH. These results obtained agreed with the results reported by Sakakibara et al.. It has been reported that if carbon is used as the anode, CO 2 is produced instead of oxygen and the effluent pH was kept almost constant around neutral, because CO 2 produced dissociation into bicarbonate and carbonate ions. However, the amount of effluent pH in this study is higher than the effluent pH observed by Sakakibara et al. It seems that if the amount of carbon dioxide produced in the electrode was limited. This result suggests that, if a different type of carbon electrode was used it would make a difference to the amount of carbon dioxide produced.
Denitrification model
In this study the denitrification process was assumed to be a consecutive reaction as several authors reported (Kurt et al., 1987; Dries et al., 1988; Myoga et al., 1994) , and the rector was assumed to be a plug flow reactor (PFR) with constant density. Denitrification model was derived as follows:
Here, the reaction rates were approximated by assuming that rate equations correspond to a stoichiometric equation. The relationship between the retention time and the concentration of effluent components are as follows: where C A , C B , C R are the concentration of nitrate, nitrite and dissolved hydrogen molecule of effluent, respectively, τ is hydraulic retention rate (HRT); k 1 and k 2 are reaction rate constants for nitrate ion reduction and nitrite ion reduction, respectively. From the material balance:
where C A0 and C R0 are the concentration of nitrate and dissolved hydrogen in the entrance of the column, respectively. Because in this study the concentrations dissolved hydrogen in the effluent were not measured, the values of C R were calculated by Eq. (6) . The values of C R0 were calculated from electric current and flow rate.
Calculation of reaction rate constants k 1 , k 2
The value of k 1 and k 2 were selected iteratively from a suitable range of values by steps of 0.1, and substituted to Eq. (4) and Eq. (5). By using Eq. (4), Eq. (5) and Eq. (6), the relation of HRT and each concentration of effluent components in the effluent were calculated by Runge-Kutta fourth-order method. The effluent nitrite and nitrate calculated (C Acalc , C BCalc ) were compared with the experimental results (C AExp , C BExp ) and standard squared error were calculated. The standard squared error is defined by the following formula:
The k 1 and k 2 values which have minimum ε were selected. The k 1 and k 2 values calculated in each column and the electric current are shown in Table 2 . From the table, it is seen that the k 1 and k 2 values were almost the same for any given level of electric current.
Comparison with the experimental results
Using the whole average reaction rate constants k 1 = 1.3 [mmol -1 h -1 ], k 2 = 3.3 [mmol -1.5 h -1 ], the effluent nitrite and nitrate concentration were re-calculated and compared with the experimental results. As shown in Figure 3 , the calculation results are in fairly good agreement with the experimental results. It is considered that the denitrification rate in this system could be expressed by this model. As far as the range of electric current applied in this experiment, the values of k 1 and k 2 are almost constant and not dependent on the electric currents. However, for larger electric current, calculation using the Michaelis-Menten form (Kurt et al. 1987 ) may be suitable, because the reactions become dependent on the hydrogen dissolution rate when the electric current increases.
The present system was developed to provide a technology for denitrifying ground and surface water to produce drinking water. Compared with any other system using hydrogen from a gas source, the advantage of denitrification using hydrogen generated by electrolysis is that the supply of hydrogen is easy to control, there is high efficiency hydrogen consumption and no need of circulation and pressure to recycle non-consumed hydrogen gas.
In the first step, to maintain high current efficiency, we considered that it was not necessary to remove nitrate concentration completely. Therefore the electric current applied with kept lower than the stoichiometric current. However, in this condition nitrite remained in the effluent. Consequently, to remove both nitrate and nitrite, sufficient electric current should be applied.
Conclusions
A continuous column denitrification reactor using hydrogen generated by electrolysis was developed and satisfactory denitrification was achieved. Effect of hydraulic retention time and electric current to nitrate removal rate was examined, and the following results were obtained. 1) The type of carbon anode used could affect the experimental results 2) Although anode, cathode and packing material were placed in the same column, satisfactory denitrification was achieved. That is, production of oxygen in the anode is inhibited.
3) The kinetic model for denitrification reaction was developed and the reaction rate constants were calculated. Calculation results using Runge-Kutta fourth-order method show that the value of k 1 and k 2 are 1.1<k 1 <1.4 (average = 1.3) [mmol -1 h -1 ] and 2.8<k 2 <3.7 (average = 3.3) [mmol -1.5 h -1 ], respectively. The results predicted by the model agree fairly well with the experimental results. 4) In order to prevent nitrite in the effluent, this system must be operated in the condition where nitrate concentrations approach to zero with sufficient electric current or HRT. 5) In the condition where HRT = 1.8 h, almost complete reduction of nitrate was achieved.
By increasing the value of electric current, the HRT value could be reduced. However, correlation between hydrogen concentration and other factors at the present model might be different. This problem is the subject for a future study.
